STUDY QUESTION: Is pinopode measurement of any prognostic value?
Introduction
Pinopodes are cytoplasmic protrusions on the apical surface of the luminal epithelium of the endometrium (Usadi et al., 2003) . Pinopodes are progesterone-dependent structures whose appearance coincides with the receptive state (Martel et al., 1991; Stavreus-Evers et al., 2001) . They have therefore been considered as a marker of receptivity. The precise function of pinopodes is still not known, although it has been postulated that they play a role in the initial stage of implantation by promoting attachment of the embryo because they prevent the cilia from sweeping off the blastocyst as well as promoting withdrawal of uterine fluid and closure of the uterine cavity (Lessey et al., 1992) . Some investigators considered that pinopodes can be used to predict successful implantation (Nikas et al., 1995 Sudoma et al., 2011) . However, other investigators have failed to confirm the usefulness of pinopode assessment in the humans (Quinn et al., 2007a; Quinn and Casper, 2009 ).
An earlier review (Quinn and Casper, 2009 ) highlighted the controversies and limitations of pinopode studies. There are several possible explanations. Firstly, there has not been any consensus on how pinopodes should be measured. Several different methods have been proposed. Some investigators have evaluated the area of luminal epithelium covered by pinopodes (Nardo et al., 2002) , a few investigators have focused on the morphology but have not attempted to quantify the total pinopode count Nikas and Aghajanova, 2002) , and other investigators have developed a scoring system which combined both the pinopode number and morphology subtype, similar to the H-score used in immunohistochemistry (Oborna et al., 2004; Xu et al., 2012) . Furthermore, it seems that many investigators have concentrated on the timing of the appearance and disappearance of the pinopodes without taking into consideration the changing count and the different developmental stages of the pinopodes during the implantation window. Secondly, the studies of pinopodes in earlier reports have all been based on subjective evaluations without proper attempts to quantify the measurement. There has not been any study which has examined observer variability of pinopode count and the relationship between pinopode count, subtype and pregnancy outcome. Thirdly, it is well accepted that pinopode development is progesterone dependent, but few studies have correlated the results to the total amount of progesterone to which the endometrium had been exposed, which in turn is dependent not only on the level but also on the duration, of stimulation. In this respect, it would have been important to precisely time the endometrium specimen according to the LH surge or ovulation and to measure the progesterone level on the day the specimen was obtained.
Consequently, current opinion appears to suggest that pinopode examination is of limited value in human, especially as it is labor intensive. Very few centers offer pinopode measurement to assess endometrial receptivity. It is therefore not surprising that there were only five publications (Xu et al., 2012; Zhu et al., 2012; Bahar et al., 2015; Demura et al., 2015; Subramani et al., 2016) on the subject over the last 5 years.
We hypothesize that improved methods of pinopode measurement are required to verify whether or not pinopode assessment is clinically useful. In this study, we employed morphometric (quantitative histological) techniques to the study of pinopodes and reported here on: (i) the use of the improved techniques to examine how the total count and subtype of pinopodes change on a daily basis across the implantation window in an artificial hormone replacement therapy (HRT) cycle which has been proven capable of supporting implantation; and (ii) the relationship between pinopode expression and pregnancy outcome.
Materials and Methods

Participants
There were two separate cohorts in this study. In the first cohort, 46 participants were recruited to examine the daily changes of the different subtypes of pinopodes after administration of 3-7 days of progesterone in mock hormone replacement cycles. In the second cohort, a separate group consisting of 126 participants was recruited to examine the prognostic value of pinopode count (Fig. 1) . A total of 172 participants were therefore included in this study. They were all undergoing IVF treatment in the Reproductive Center of Sir Run Run Shaw Hospital from March 2014 to October 2016. The inclusion criteria for all participants included: (i) women undergoing frozen embryo transfer (FET) following IVF treatment; (ii) age between 25 and 36 years; and (iii) regular menstrual periods (25-35 days). The exclusion criteria excluded: (i) women with PCOS, endometriosis, hydrosalpinx and any uterine pathology; and (ii) women who had received steroid hormone treatment within 3 months of recruitment.
Hormonal replacement protocol and endometrial biopsy
There were 46 participants recruited in the first cohort. They underwent a study cycle with mock hormone replacement therapy (HRT) according to a predefined protocol. Oral oestrogen in the form of oestradiol valerate tablets (Progynova, Schering, Germany) 6 mg/day was commenced on the second or third day of the menstrual cycle without GnRH analog for 7 days, and the dose was increased to 8 mg/day for another seven to 10 days. When the thickness of the endometrium exceeded 8 mm, injection of progesterone at 80 mg/day was performed for between 3 and 7 days. The endometrial biopsies were obtained on the morning following the last progesterone injection using a pipelle catheter (Laboratory CCD, China).
There were 126 participants recruited in the second cohort. All of them had the same mock hormone replacement protocol and progesterone was injected at 80 mg/day for 6 days. The endometrial biopsies for pinopode examination were obtained the next morning using a pipelle catheter (Laboratory CCD, China) in the outpatients department. Then, in the following HRT cycles, 126 participants underwent Day 3 frozen-thawed embryo (6-8 cell stage) transfer (FET) after 3 days of progesterone administration. The estrogen and progesterone treatment continued in FET cycles for 2 weeks if pregnancy did not occur and for 7 weeks if pregnancy did occur.
Scanning electron microscopy
All collected samples were fixed in 0.1 M phosphate buffer (pH 7.4) containing 2.5% glutaraldehyde, rinsed in Sorensen's buffer, and post-fixed in 2% osmium tetroxide for 1 h. Samples were further rinsed three times for 15 min each in Sorensen's buffer. They were then dehydrated in graded alcohol (50%, 70%, 90%, 95% and 100%), dried in a critical point drier using carbon dioxide, coated with palladium gold and examined with a scanning electron microscope (S-520, Hitachi, Tokyo, Japan).
Image analysis of pinopodes
All specimens were evaluated using an Olympus microscope (Olympus, Japan). For each biopsy more than 60 fields at ×2000 magnification were captured using a Nikon digital camera (Nikon Digital Sight DS-L1, Japan). Randomly selected fields containing luminal epithelium were chosen for pinopode measurement by using image J software (Rawak Software, Inc. Germany). The images of all selected fields were captured, saved in BMP format and stored on an external data storage device (SanDisk CompactFlash), before transfer to a computer for counting. Using the cell counter in image J, three different types of pinopodes, namely developing pinopodes (DP), fully developed pinopodes (FDP) and regressing pinopodes (RP), were counted. All measurements were carried out by a single observer. The observer was blinded to the group and to the clinical pregnancy results.
Determining the minimum number of fields of pinopodes to be counted
In order to accurately measure intra-observer variability, it was necessary to determine, first of all, the total number of pinopode counts that are required to produce a consistent result. In the first part of the study, the running average method (Mariee et al., 2012) was used to determine the fields of pinopodes to be counted from 10 endometrial specimens. 46 biopsies were obtained on P + 3 ~ P + 7 respectively for SEM 10 randomly choosen biopsies were used in determination of pinopode count fields and intra-observer variability
Pinopode count and subtype P + 3 P + 4 P + 5 P + 6 P + 7 n = 6 n = 6 n = 11 n = 13 n = 10 Figure 1 The flow diagram of participant recruitment and follow-up.
Pinopodes were counted in a total of 60 fields consecutively. The percentage of FDP/total pinopodes (TP) in the first field was recorded as a single measurement. Next, the average results of fields 1 and 2 was determined. Similarly, the percentages of FDP/TP in each subsequent field were included to produce a running average. The number of fields required to produce three consecutive running averages within 5% of the final average is considered to be the minimum number of fields required to achieve a reliable result (Mariee et al., 2012) .
Intra-observer variability
For the first part of the study, intra-observer variability was determined by asking the same person who performed the pinopode count to repeat the measurement on 10 randomly chosen specimens which were blinded to the observer.
Prognostic value of pinopode measurement using improved technique
In the second part of the study, 126 participants scheduled for FET were separately recruited. All participants underwent a HRT study cycle and had an endometrial biopsy 6 days after the commencement of progesterone injection for pinopode measurement. Afterwards, FET was performed in the following HRT cycle. The outcome of FET was recorded.
Ethics
The study was approved by the institutional review board of the Sir Run Run Shaw Hospital of Zhejiang University. The clinical trial registration number was ISRCTN26300668. Written informed consent was obtained from each participant prior to recruitment.
Statistical analysis
All statistical analyses were performed by using Statistical Package for the Social Sciences Version 19.0 (IBM Corp, New York, NY, USA). Intraobserver variability of pinopode count was determined by using Pearson correlation test. Outcome measures and the associated clinical variables were analyzed using Student's t-test and chi-squared test as appropriate. A P value < 0.05 was considered to indicate significance.
Results
Changing pattern of three subtypes of pinopode measurement
Demographics
In the first part of the study, a total of 46 women were included. The demographic characteristics and reproductive history, including age, body mass index, previous pregnancy, parity, duration of infertility, cause of infertility and basal hormone levels are shown in Table I n = 6; (ii) day P + 4, n = 6; (iii) day P + 5, n = 11; (iv) day P + 6, n = 13; and (v) day P + 7, n = 10. Representative pictures of the three different types of pinopodes (developing, fully developed and regressing) are shown in Fig. 2 .
Determination the number of fields of pinopodes to be counted
The running average of FDP count per microscopic field, expressed as the percentage of TP represented by FDP, was determined in 10 endometrial biopsy specimens. The results from three representative samples are shown in Fig. 3 . Among these 10 cases, the minimum number of fields required to be examined to ensure that the running average was within 5% of the final average for three consecutive counts was 60 (range 28-60). This was used to determine the number of fields to be examined for all specimens in this study to reduce sampling error due to insufficient pinopode counts.
Observer variability
The observer variability of the initial and repeat pinopode count on the 10 randomly selected specimens is shown in Table II . The correlation coefficients were: (i) TP: 0.85, P = 0.002; (ii) DP: 0.95, P < 0.0001; (iii) FDP: 0.86, P = 0.001; and (iv) RP: 0.39, P > 0.05.
The changing number and pattern of pinopodes from day P + 3 to P + 7
Morphometric technique was applied to quantify the pinopode count and subtype in 46 participants and the results are shown in Fig. 4 . The TP count gently increased and reached a peak on day P + 6, then dropped slightly on day P + 7. But there was no obvious daily change. The percentage of DP/TP began to decline on day P + 5, compared with day P + 4 (64.48 ± 4.98 vs. 84.78 ± 3.04; P = 0.013), then continued to decline on day P + 6, compared with day P + 5 (49.40 ± 4.06 vs. 64.48 ± 4.98; P = 0.027). The percentage of FDP/TP had grown rapidly by day P + 5, compared with day P + 4 (34.27 ± 4.84 vs. 14.07 ± 2.91; P = 0.011), and reached a peak on day P + 6, then dropped rapidly by day P + 7 (46.91 ± 4.50 vs. 23.83 ± 4.72; P = 0.002). The percentage of RP/TP increased rapidly by day P + 6, compared with day P + 5 (3.70 ± 0.93 vs. 1.23 ± 0.39; P = 0.032), and reached a peak on day P + 7, compared with day P + 6 (23.4 ± 4.51 vs. 3.70 ± 0.93; P < 0.0001).
Prognostic value of pinopode count
In the second part of study, morphometric techniques were also applied to quantify the pinopode count and subtype using image J program, and based on the results obtained in Part I of our study, a minimum of 60 fields were examined in each of the specimens obtained from the 126 participants in this part of the study.
Demographics
In Table III , the demographic and clinical details, as well as the pinopode counts (of three different subtypes) were compared between pregnant and non-pregnant groups. There were no significant differences in age, duration of infertility, basal hormone levels, ET day serum hormone levels, ET day endometrial thickness, the number of embryos transferred and the good embryo rate.
Comparisons of pinopode percentage between groups
The percentages of three pinopode subtypes in the pregnant and nonpregnant groups are compared in Table III . The percentage of RP/TP was not significantly different between the two groups, but the participants who conceived had a significantly (P = 0.011) higher percentage of FDP/TP and a significantly (P = 0.005) lower percentage of DP/TP than participants who did not.
Prognostic value of pinopode index
Given that pregnancy was associated with a significantly higher percentage of FDP/TP and a significantly lower percentage of DP/TP, we computed a pinopode index by attributing a score of 1 to each FDP percentage point and a score of −1 to each DP percentage point. The derived score in the two groups of subjects were compared in Table III . Using a Receiver Operating Characteristic (ROC) curve (Fig. 5) The corresponding intra-class correlation coefficients were: (i) TP: 0.85, P = 0.002; (ii) DP: 0.95, P < 0.0001; (iii) FDP: 0.86, P = 0.001; and (iv) RP: 0.39, P > 0.05. Note: M, Measure; D, absolute difference; TP, total pinopodes; DP, developing pinopode; FDP, fully developed pinopode; RP, regressing pinopode. sensitivity and specificity value was −26.48. Using this cut-off value to define normal and abnormal pinopode expression, contingency table analysis showed a significant (P = 0.001) association between pregnancy outcome and pinopode score. The pregnancy rate and the embryo implantation rate of women with a normal (or high) pinopode score (82.3%; 63.0%) was significantly (P = 0.001; P = 0.046) higher than that of women with a low pinopode score (53.3%; 46.7%), respectively (Table IV) .
Discussion
In this study, we have employed morphometric techniques to examine the changing pattern of pinopodes across the implantation window in HRT cycles. We confirmed previous reports that there is significant biological variance in pinopode counts in different fields of the same specimen. As a consequence of this rather high variance, the running average experiment showed that it was necessary to count at least 60 microscopy fields to produce reliable results. Based on precisely timed specimens obtained on the sixth day of progesterone therapy in HRT cycles, we found that the percentage of FDP/TP and the percentage of DP/TP were significantly different between participants who did and did not conceive in the following HRT FET cycles, with a lower percentage of FDP/TP and a higher percentage of DP/TP observed in women who did not conceive. Nevertheless, the percentage of RP/TP was not different between pregnant group and non-pregnant group. The observation in this study that reduced implantation and pregnancy rates were associated with an increase of DP and decrease of FDP, despite all of the participants receiving the same HRT, raises the question of whether the underlying pathology reduced endometrial responsiveness to the progesterone hormone and whether the problem can be overcome by increasing the dose or duration of progesterone therapy or simply by delaying embryo transfer by a day or two to allow the more slowing growing endometrium to catch up and become synchronized with the embryo development. The latter concept is consistent with the concept of endometrial receptivity assay (ERA) (Diaz-Gimeno et al., 2011) and personalized embryo transfer (Ruiz-Alonso et al., 2013) based on genomic analysis of the endometrium to assess whether the implantation window has been shifted forward or backward. It is not possible to speculate from our study if the observed changes in pinopodes and the associated reduction in clinical outcome could be improved by administering higher doses or a longer duration of progesterone or by delaying embryo transfer. A prospective randomized trial will be required to answer these questions.
We have, for the first time, introduced the techniques of morphometric analysis to the measurement of pinopodes in the endometrium. In this study, we were able to describe more precisely in quantitative terms how the subtypes of pinopode change on a daily basis across the implantation window. The limitation of this study is that there was only one experienced observer. However, we believe that our method based on extensive analysis of quantitative data represents an improvement and allows more subtle changes to be detected.
Our observation confirmed earlier reports that pinopodes in the humans are present for a longer period of time, being over five or more days, which is similar to the mouse (Quinn et al., 2007b) but longer than the 24-48 h observed in the rat (Quinn et al., 2007a) . Pinopodes have been found outside the implantation window and during pregnancy (Creus et al., 2002; Quinn et al., 2007a) , but it does not Figure 4 The changing patterns of the total pinopode count and the mean number of three subtypes over a 5-day period, after the administration of 3 days (P + 3), 4 days (P + 4), 5 days (P + 5), 6 days (P + 6) and 7 days (P + 7) of progesterone to the hormone replacement therapy. (a) The TP count gradually increased and reached a peak on day P + 6, then dropped slightly on day P + 7, although there was no statistically significant changes in the count on a daily basis. (b) The percentage of DP/TP declined rapidly form day P + 4 to reach a minimum on day P + 6, with significant differences between days P + 4 and P + 5, and between days P + 5 and P + 6. (c) The percentage of FDP/TP increased rapidly from day P + 4 to reach a peak on day P + 6. There were significant changes between days P + 4 and P + 5, and between days P + 6 and P + 7. (d) The RP count remained low on days P + 3 to P + 5, then rose rapidly to reach a maximum on day P + 7, with significant differences in counts between days P + 5 and P + 6 and between days P + 6 and P + 7.
necessarily imply that it is not clinically useful as a marker of endometrial receptivity, provided that the count and subtypes of pinopodes within the window are significantly and sufficiently different to those outside the window.
The clinical usefulness of pinopode measurement was questioned in a previous review (Quinn and Casper, 2009) , although two studies (Pantos et al., 2004; Sudoma et al., 2011) suggested that pinopode assessment in a mock HRT cycle could help to guide the duration of progesterone therapy in subsequent HRT FET cycles to improve the outcome of FET. Nevertheless, the pinopode assessment in these two studies were considered to be subjective and so it is doubtful if the results could be easily reproducible. In our study we adopted a rather different approach by quantifying and comparing the different subtypes of pinopode between subjects who did and did not conceive. In this way, we were able to demonstrate that the achievement of implantation and pregnancy was associated with a higher percentage of FDP/ TP and a lower percentage of DP/TP per field on the sixth day of progesterone therapy. Based on this information we were able to derive a pinopode index, giving each FDP percentage point a score of 1 and each DP percentage point a score of −1. We found that the pinopode index did have a significant prognostic value in that subjects who had a low score index (≤−26.48) had a significantly reduced chance of achieving a pregnancy (53.3%) compared with subjects who had a normal index (82.3%).
There have been three pinopode scoring systems reported in the literature. The first one, which was used by several investigators Usadi et al., 2003; Zhu et al., 2012) gave the score as follow: 0, absence of pinopodes; 1, covering < 20% of surface area; 2, covering 20-50%; or 3, covering > 50% of the surface epithelium. The second one (Quinn et al., 2007a; Mikolajczyk et al., 2011) used the following scores: 0, none of the apical surface covered in pinopodes; 1, 1% to <5%; 2, 5% to <10%; 3, 10% to 20%; and 4, >20%. The third one was proposed by Xu et al., 2012 as follows: 1, developing pinopode; 2, fully developed pinopode; 3, regressing pinopode; and also 0, none of the apical surface covered in pinopodes; 1, 1% to <20%; 2, 21% to 50%; and 3 ≧ 50%. These three scoring systems shared a few things in common. Firstly, the scores were semi-quantitative scores. Secondly, the scores relate either to the subtypes of pinopode or the abundance of the total amount of pinopodes, but are not composite scores to take into consideration the impact of both features. Thirdly, the proposed scoring systems had not been validated according to clinical outcome. In contrast, our proposed score has several improved features: (i) the number of pinopode count required to achieve acceptable intra-observer variability (and precision) had been determined in Part I of the study and applied in Part II of the study; (ii) a composite score was proposed taking into consideration the three different subtypes of pinopode; and (iii) it has a prognostic value regarding the achievement of pregnancy. We acknowledge that the use of morphometric techniques to measure pinopode count and subtypes is tedious and time consuming, but the development of automated imaging techniques should simplify and shorten the counting process.
In this study, we have chosen to examine the daily changes in pinopode count and subtypes in the artificial cycles and observed dramatic and rapid changes across the implantation window. The observation is consistent with earlier reports (Li et al., 1991; Martel et al., 1991) . We expect the changes in the natural or unstimulated cycle to be more variable as pinopode development is dependent upon progesterone, not only upon the magnitude but also upon the duration of progesterone stimulation to the endometrium. The artificial cycle produces a more constant hormone environment to facilitate the detection of hormone dependent changes. It would be of interest to compare the results of our observation to those of natural and stimulated cycles to determine whether pinopode expression differs among these three types of cycles.
The observation that the pinopode pattern and count are not the same in women receiving the same amount of HRT suggests that endometrial response to the HRT is different for different women. Possible explanations include difference in progesterone receptor expression (Stavreus-Evers et al., 2001) , immunological factors, including plasma cell (Doyle et al., 2012) or natural killer cell count (LedeeBataille et al., 2005) , epigenetic changes or endometrial blood flow (Ng et al., 2006; Munro et al., 2010) . It would be of interest in future studies to examine whether the difference in pinopode expression is related to these various factors.
Whilst we have reported on intra-observer variability on pinopode measurement in this study, because we have only one experienced observer who examined all the specimens, we have not reported on inter-observer variability which is likely to be higher. It would be necessary if more than one observer was involved in the measurement or if results from two or more centers were to be compared. The nature of pinopode assessment, especially the categorization of pinopodes into developing, fully developed and regressing pinopodes remains subjective and observer dependent, which must be borne in mind in the interpretation of results.
An earlier study examined cycle to cycle variations in pinopodes in the natural unstimulated cycle, and reported significant inconsistency (Ordi et al., 2003; Quinn et al., 2007a) . It will be of interest to repeat that experiment using improved methods of measurements such as the one proposed in this study to see if the variability could be significantly reduced.
The findings in this study suggested that, in contrast to current opinion, pinopode morphology and count should not be written off as a marker of little clinical relevance. Nevertheless pinopode evaluation remains time consuming and subjective, an issue which has to be addressed and overcome before it can be considered useful in clinical practice. The breakthrough is likely to come from the development of automated image capture software which can drastically simplify the measurement and at the same time reduce the subjectivity and increase the precision of pinopode measurement.
To conclude, we have reported on the results of morphometric analysis of pinopode count and its subtypes across the implantation window in hormone replacement cycles, and quantified the rapid daily changes. Whilst the clinical value of pinopode measurement was questioned in an earlier review (Quinn and Casper, 2009) , we have shown that with the use of a composite scoring system based on improved methods, pinopode measurement was significantly associated with the achievement of pregnancy after FET in HRT cycles. design, data collection and analysis, decision to publish or preparation of the manuscript.
